Infrared images are used to characterize the atmospheric plasma and the influence of liquid injection into it. In the infrared spectral range low energies of rotational vibrational transitions can be captured which are emitted by hot liquid vapors. These vapor streams enable the qualification of the injection depth. High speed shadowgraphy is used to prove the correlations between vapor cloud and drop atomization behavior. In addition the combustion of organic liquids like ethanol and pentanol can be seen directly with an increase of emitted radiation. A direct correlation between vapor cone and liquid properties can be made. Lower Ohnesorge numbers lead to more focused vapor beams.
Introduction
Liquid injection plasma spraying is one of the most versatile innovations in thermal spraying of the last decade. The possibility to manufacture finely structured coatings by submicronic to nanometric powders in suspension plasma spraying (SPS) [1] [2] [3] and vary stoichiometry by in-flight synthesis of liquid precursors in solution precursor plasma spraying (SPPS) [4] [5] [6] has made liquid injection a valuable addition to established thermal spray technologies. Especially future technology applications like solid oxide fuel cells benefit greatly from fine structures and flexible stoichiometry [7] [8] [9] [10] [11] . Though there has been put great effort into modeling of liquid injection into various plasmas and many parameters controlling liquid injection are known [12] [13] [14] [15] [16] [17] , there is little experimental data on the temporal evolution of liquid drops within the plasma and after the evaporization of the liquid carrier.
This work will present novel images of the drop behavior in atmospheric plasma jets. The results lead to a simplified modeling approach calculating the drop trajectories and by that estimating the plasma momentum acting on the drops. Infrared imaging technology is used to detect infrared radiation from the hot vapor of the liquid.
Experimental setup
Plasma source in the experiments was the industry standard Sulzer-Metco TriplexPro 200 atmospheric plasma torch. In all experiments the torch was set on constant current mode and argon as well as additionally helium was used as plasma gases. Current ranged from 200 to 500 A at different nozzle diameters of 5.5 to 11 mm. Process gases were set to 30 to 90 slpm argon and helium was varied from 0 to 20 slpm. Liquid was fed by a pressure based, semi-automatic feeding system.
Point of injection was placed 5 mm downstream from torch nozzle exit. The electronically controlled feeding gas pressure varied between 0.1 and 0.5 MPa and ensured a constant liquid flow through 0.2 and 0.3 mm solid stream nozzles. For crisp images of liquid drops inside the plasma high speed camera from Photron FASTCAM SA5© was used at a shutter time of 380 ns. The camera has a resolution of 1024× 1024 pixels and combined with Carl Zeiss objectives gives a theoretical resolution of 8.7 μm per pixel. This results in a minimal particle size of 26 μm. All images were taken in perpendicular to injection and plasma axis in shadowgraphy setup. Therefore a high power 750 W halogen spot light was set on camera axis on the opposite side of the plasma. Its high light flux density exceeded that of the plasma and made drops inside the plasma observable against the bright background. The frame rate between 75,000 and 150,000 frames per second ensured the capture of a temporal sequence of the liquid behavior. For the injection images with long exposure times of 250 ms the shadowgraphy setup of previous publication was used with a CW-laser and a high resolution camera [18] .
The liquid vapor phase and combustion gases were detected by its infrared emission between 1.5 and 5 μm with an infrared camera from FLIR© SC7600 in the same experimental setup without background illumination. Here the frame rate was limited to 50 Hz. Liquids studied in this work were water, ethanol and pentanol without any additives.
Results

Injection quality
Injecting a liquid into plasma is very different from conventional powder injection. Former consists of solid particles with well understood behavior and trajectories whereas liquids injected into plasma Surface & Coatings Technology 220 (2013) [187] [188] [189] [190] undergo several effects like atomization and vaporization. The infrared camera can capture radiation coming from hot water vapor which emits around 2.6 μm [19] . Images with a spectral line filter with a line width of 200 nm showed that emission was significantly higher at this wavelength compared to images that use a line filter at 3.99 μm. This implies that the camera was detecting hot water vapor. Fig. 1 shows infrared images of plasmas with and without water injection. The conditions for liquid injections were the same -20 ml/min. Fig 1a shows the plasma jet without injection. Here the core of the plasma is displayed in uniform brightness without structure because it was saturating the camera pixels. The dynamic range of the camera was too low to depict plasma and vapor cloud at the same time. In the shown images spectral filters were not used to get the highest possible light yield and thereby reduce the integration time for more crisp and clear images with as little motion blur as possible. Very clearly a new extended plume is visible compared to pictures without injection. This can be attributed to hot water vapor from the atomized and evaporated liquid injection. Fig. 1b shows an image of a nearly optimal liquid injection. The water vapor plume is on the same axis with the plasma jet and the radiation intensity is higher compared to Fig. 1c . The only difference between the two pictures is an increased argon flow rate at constant current of 500 A. At 90 slpm argon the water injection was non-optimal since the core of the water vapor plume was shifted off the axis of the plasma. The plasma momentum has increased to a level that the solid water stream cannot penetrate the core of the plasma and was deflected on top of it. These two characteristics can be used to qualify a liquid injection -vapor plume intensity and vapor plume center.
Images with high shutter speed of 380 ns showed very clearly individual droplets, but to compare the atomization behavior it was necessary to merge 200 pictures that cover a time span of about 280 ms into one picture. Fig. 2a and b shows such pictures at the same conditions as Fig. 1b and c. It can be seen very clearly that the liquid stream is penetrating deeper into the plasma at 50 slpm than with 90 slpm Argon. The more droplets reach the hot plasma core and thus lead to a centered vapor cloud as seen in Fig. 1b. In Fig. 2b the water did not penetrate the plasma. Drops did not reach the core and only vaporized at the outer boundaries of the plasma. This explains the hot vapor stream at the top of the plasma jet in Fig. 1c. 
Atomization and vaporization characteristics
More detailed analysis of atomization processes and vapor cloud examination complement each other. Three different liquids with different liquid properties are selected ( Table 1) .
The difference in surface tension and viscosity leads to a very different set of atomization behavior. Water and ethanol have similar viscosities whereas their surface tension differs by a factor of almost four. Pentanol and ethanol on the other hand have similar surface tensions but their viscosity again differs almost by a factor of four. All three differ in the energy released by combustion. Also emission of OH radicals during combustion has to be considered, although infrared radiation is governed by the main combustion products CO 2 and H 2 O [24] . All this has to be taken into account when interpreting infrared images. Fig. 3 shows still infrared images at an exposure time of 35 μs with same injection settings and plasma conditions. Fig. 3a shows a still image of water injected into the plasma. The vapor plume is very short and weak in intensity compared to the other two plumes. The absolute intensities have to be interpreted carefully since the camera only detects a small band of infrared radiation from 1.5 μm to 5 μm and in these two dimensional images intensities also depend on concentration densities of emitting species. Therefore when comparing different liquids focus had to be set on geometrical dimensions and gradients of intensity distribution. The exposure time of 35 μs was short enough to reveal fine structures in the vapor plumes. Especially at the plume boundaries turbulence was responsible for the jagged plume shapes.
The chaotic nature of turbulence makes it necessary to examine average pictures made of 100 single snapshots. Fig. 4 shows line profiles along the plasma gun axis of averaged infrared images of water, ethanol and pentanol injection as well as the line profile of the plasma plume without any injection. Most prominently in the middle of the graph two maxima of radiation of ethanol and pentanol are discovered. In contrast to water which has no single maximum but shows a slow gradual drop to zero. The vapor cloud leaves the plasma with maximum energy and the further rise of radiation intensity can only be attributed to an energy gain from a source that is not the plasma. These maxima might come from post atomization combustion. This combustion process has a significant impact in areas where the oxygen attains a critical concentration. Combustion of organic fuels takes place outside the hot plasma plume where surrounding air is entrained. The difference between ethanol and pentanol was also the maximum of radiation was reached at a closer distance for ethanol than for pentanol. The peak width for ethanol is also narrower than for pentanol, which suggests a faster combustion process. Pentanol has a broad combustion peak in the infrared line profile that is also higher than for ethanol. An explanation could be the higher energy of combustion released by pentanol than ethanol.
Another effect observed in the infrared images was the length of the plasma plume. Whereas the plasma without injection is approximately 3 cm long it was shortened to 2.4 and 2.0 cm by pentanol and respectively ethanol injection. Water and ethanol have the same influence on plasma plume length, which might be correlated to their similar viscosity. Pentanol has a four times higher viscosity and the plume length is significantly longer. In Fig. 5 top row single snapshots of liquids injected into same plasma conditions are displayed. They show all states of atomization a liquid droplet undergoes. The shortening of the plasma can be explained by the different atomization behavior. Whereas in the case of water and ethanol different stages of atomization can be distinguished -sheet stripping to wave crest stripping mode -pentanol is atomized right at the point of penetration. Water and ethanol interfere severely with the plasma and thus shorten its length. Pentanol is very easily atomized into fine droplets which do not weaken the radiation of the plasma as much as water and ethanol droplets do. This weakening could be attributed to a loss of power by the energy drained for atomization and evaporization as well as it could simply be an effect of clouding/shading by the larger drops since they can scatter and absorb radiation from the plasma.
In Fig. 3 the spray cone of the three liquids also differs. Pentanol has the biggest and broadest spray cone of all the liquids used. Fig. 6 shows spray angles derived from averaged infrared images by image analysis software ImageJ. Water has a focused cone with an opening angle of about 15°and pentanol has the biggest opening angle of about 28°. This behavior cannot be described by a single physical liquid property alone. The spray cone is influenced by the ease of atomization of every liquid since plasma flow conditions are the same. In literature [20] the Ohnesorge number is used as a measure of the atomizability of liquids. The Ohnesorge number is given by following equation:
We is the Weber number, Re is the Reynolds number, μ is the viscosity, L is the characteristic dimension, ρ is the density and σ is the surface tension of the liquid. The higher the Ohnesorge number the lower the relative speed of the surrounding gas stream and its Reynolds number has to be to atomize the liquid [21] . As characteristic length the solid stream diameter of 260 μm is chosen, since it represents the common start of atomization for all liquids. The calculated Ohnesorge numbers for the tested liquids are shown in Fig. 6 . Ethanol has a twofold higher Ohnesorge number than water. Furthermore pentanol has a three times higher Ohnesorge number than ethanol.
Shadowgraphy images in Fig. 5a -c confirm this correlation. From left to right atomization was happening at an earlier stage of penetration. The superposition of many frames in the second row (Fig. 5d-f ) on the other hand seems to show the opposite formation of spray cones. Water formed a broader spray cone than pentanol. The explanation is that water remains longer in droplet form and is accelerated into jet direction while it is evaporating. On Fig. 3a only the vapor cloud is shown. Pentanol was already fragmented into fine droplets upon entering the plasma. Its droplets evaporated faster than the bigger water droplets; meanwhile its gas phase was expanding and thus creating a radial momentum. The vapor was being pushed sideways by the pressure gradient between the accelerating plasma and decelerating atmosphere. Following that explanation there is a correlation between Ohnesorge number and spray cone angle, but it is not linear. For optimal deposition efficiency a more focused spray cone could be advantageous. Further work has to show how far particles follow the vapor and thus the spray spots are broadened with increasing Ohnesorge number.
Conclusion
Infrared imaging has shown to be an innovative, valuable tool in addition to already established diagnostic systems like tomography, enthalpy probe, etc. Its combination with high speed shadowgraphy improves the understanding of the atomization and evaporization processes. Infrared imaging visualizes the hot gases coming from plasma and high speed shadowgraphy opens up a detailed view on the atomization processes leading up to the vapor cloud. Infrared images proved that the additional energy coming from combustion of organic liquids can be revealed. An extensive study of plume characteristics in the infrared spectral range has shown a correlation between spray cone angle and used fluid. Together with high speed shadowgraphy this correlation between atomization and the resulting vapor cloud has been linked to the Ohnesorge number. The lower the Ohnesorge number the more focused is the vapor stream.
Enthalpy probe measurements as shown by Vaßen et al. [22, 23] are a valuable addition to optical methods to analyze the influence of liquids on plasma characteristics. Atomization of more organic liquids has to be tested and observed by high speed shadowgraphy to better understand the difference in droplet behavior.
